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Temperature-dependent in-plane, ρa(T ), and inter-plane, ρc(T ), resistivities were measured for the
iron-arsenide superconductor (Ba1−xKx)Fe 2As2 over a broad doping range from parent compound
to optimal doping Tc ≈ 38 K, 0 ≤ x ≤ 0.35. The coupled magnetic/structural transition at TSM
is clearly observed for samples with Tc <26 K (x < 0.25), however its effect on resistivity is much
weaker than in the electron-doped Ba(Fe1−xCox)Fe 2As2, and the transition leads only to a decrease
of resistivity. In addition to the feature at TSM , the inter-plane resistivity shows a maximum at
T ∗ ∼200 K, which moves slightly to higher temperature with doping, revealing a trend opposite to
the electron-doped materials. A smeared feature at about the same temperature is seen in ρa(T ).
For T < T ∗, the temperature dependence of resistivity shows systematic evolution and is close to
linear at optimal doping. This feature, being most pronounced for ρc(T ), suggests the existence of
a quantum critical point close to optimal doping.
PACS numbers: 74.70.Dd,72.15.-v,74.25.Jb
INTRODUCTION
Superconductivity in hole-doped (Ba1−xKx)Fe2As2 [1]
(BaK122, in the following) was found soon after the dis-
covery of superconductivity with high critical tempera-
tures in oxypnictide FeAs-based materials [2]. Several
studies reported anisotropic properties of single crystals,
representative of various parts of the phase diagram [3–
10], however, no systematic evolution of the resistivity
and its anisotropy was undertaken so far, due to a diffi-
culty in preparation of single crystals with well controlled
potassium content.
High quality single crystals of K-doped materials can
be grown from FeAs flux [5], however, the high melt-
ing temperature of the flux, leading to high potassium
vapor pressure, limits this technique to growth of only
the underdoped compositions. The compositions on the
overdoped side can be grown from KAs flux [41]. Ini-
tial success in growing single crystals through the use of
Sn flux, and finding their low anisotropy through mea-
surements of the upper critical field [3], was stopped by
finding of the macroscopic phase separation in Sn-flux
[12–14] or polycrystalline [15] samples and gross effect of
small Sn incorporation on the phase diagram [16].
Measurements of anisotropy are of great importance
for understanding the normal state of iron pnictide
superconductors. For example, careful characteriza-
tion of the anisotropic resistivity in electron-doped
Ba(Fe1−xCox)2As2 (BaCo122 in the following) found un-
usual anisotropy of transport both in the normal [17, 19–
22] and in the superconducting [23, 24] states. The
in-plane transport reveals close to linear ρa(T ) at op-
timal doping, which evolves systematically towards T 2
behavior in the heavily overdoped compositions, sugges-
tive of a quantum critical point at optimal doping [25].
The inter-plane resistivity, ρc(T ), on the other hand, re-
veals an unusual maximum [17, 21], correlating well with
temperature-dependent NMR Knight shift [26] represen-
tative of a pseudogap. The characteristic temperature of
the pseudogap decreases with Co-doping and vanishes at
x=0.31 recovering normal metallic properties, in partic-
ular suppressing temperature - dependent spin suscepti-
bility [21] and Hall effect [27, 28].
Broad crossover with notable slope change of
temperature-dependent resistivity is also observed in in-
plane transport in single crystals of BaK122 at dop-
ing close to optimal [29], similar to pure stoichiometric
KFe2As2 (K122) [8–10]. It was suggested that this un-
usual temperature dependence of resistivity stems from
multi-band effects [29], with the contribution of conduc-
tivity channels with nearly temperature-independent and
strongly temperature - dependent resistivities. On the
other hand, multi-component analysis of in-plane resis-
tivity ρa(T ) in isoelectron Ru-doped BaRu122, suggests
that a crossover-type temperature dependence is charac-
teristic of hole contribution, while electronic contribution
is close to T -linear [30].
In this article we perform detailed study of the
temperature-dependent in-plane and inter-plane resistiv-
ity of BaK122 over a broad doping range from parent
compound to close to optimal doping level xopt ∼ 0.4
[31, 34]. We show that the unusual temperature de-
pendence of the in-plane resistivity correlates with the
pseudo-gap resistivity maximum in the inter-plane re-
2sistivity. This is dramatically different from the lack
of any pseudo-gap related features in the temperature-
dependent in-plane resistivity of electron-doped materi-
als. Another difference between electron- and hole- doped
materials is an increase of the resistivity crossover tem-
perature T ∗ in BaK122 with doping.
EXPERIMENTAL
Single crystals of BaK122 were grown using high tem-
perature FeAs flux technique [5]. Because of the volatility
of K during growth, single crystals have a distribution of
potassium content, with inner parts of the crystals fre-
quently having Tc differing by 1 to 3 K from the surface
parts. For our study we selected samples using the sharp-
ness of the superconducting transition as a measure of
constant dopant concentration.
Samples for the study were cut from the inner parts
of single crystals. After cutting, we performed precision
magnetic susceptibility measurements so that we could
inspect the samples for possible inclusions with lower
Tc. In addition samples were extensively characterized
by magneto-optic techniques to look for possible inho-
mogeneity, as described in detail in Ref. 32. Only sam-
ples with sharp transitions were selected. The chemi-
cal composition was measured on selected crystals us-
ing wavelength dispersive x-ray spectroscopy (WDS) in
JEOL JXA-8200 electron microprobe. The composition
was measured for 12 points per single crystal and aver-
aged.
Samples for in-plane resistivity measurements had typ-
ical dimensions of (1- 2)×0.5×(0.02-0.1) mm3. All sam-
ple dimensions were measured with an accuracy of about
10%. Contacts for four-probe resistivity measurements
were made by soldering 50 µm silver wires with ultra-
pure Sn solder, as described in Ref. 32. This technique
produced contact resistance typically in the 10 µΩ range.
Inter-plane resistivity was measured using a two-probe
technique, relying on the negligibly small contact resis-
tance. Samples typically had dimensions 0.5×0.5×0.1
mm3 (a × b × c), their top and bottom ab-plane sur-
faces were covered with Sn solder forming a capacitor-
like structure. Four-probe scheme was used down to the
sample to measure series connected sample, Rs, and con-
tact, Rc resistance. Taking into account that Rs ≫ Rc,
contact resistance represents a minor correction of the
order of 1 to 5%. This can be directly seen for our
samples for temperatures below the superconducting Tc,
where Rs =0 and the measured resistance represents Rc
[17, 32, 33]. The details of the measurement procedure
can be found in Refs. 17, 19, and 21.
The drawback of the measurement on samples with
c ≪ a is that any inhomogeneity in the contact resistiv-
ity or internal sample connectivity admixes the in-plane
component due to redistribution of the current. To min-
imize this effect, we performed measurements of ρc on at
least 5 samples of each composition. In all cases we ob-
tained qualitatively similar temperature dependencies of
the electrical resistivity, as represented by the ratio of re-
sistivities at room and low temperatures, ρc(0)/ρc(300).
The resistivity value, however, showed a notable scatting
and at room temperature was typically in the range 1000
to 2000 µΩ cm.
RESULTS
Fig. 1 shows superconducting Tc as a function of potas-
sium content. Here we compare our measurements on
representative single crystals with WDS K-content de-
termination with literature data as determined from re-
sistivity and magnetization [34], specific heat [35], neu-
tron scattering and magnetization measurements [31] on
polycrystalline materials. Thus determined Tc(x) are
in good agreement with each other and with measure-
ments on single crystals [5, 36]. However, because the
samples cut from various parts of the same crystal can
have variation of Tc, we adopted the following approach
in determining x for each sample. We fitted the Tc(x)
determined by Avci et al., using two functions. In
the underdoped regime we used a parabolic function,
an approach frequently used in the cuprates [37]. For
underdoped compositions this resulted in the formula
x = 0.40 − 0.268 ∗
√
(1 − Tc/39.5), as shown by solid
line in Fig. 1. As can be seen from the comparison of the
curve with actual data, the curve fits nicely the rapid rise
of Tc in the underdoped regime, the main interest in our
study. Close to optimal doping the fit is not as good, the
curve fails to reproduce the rather flat dependence in x
range from 0.3 to 0.5 [35]. For overdoped compositions
the Tc(x) is close to linear.
Fig. 2 shows temperature-dependent in-plane resistiv-
ity of BaK122 for several compositions from parent, x=0,
to close to optimally doped, x=0.35. Several features
should be noticed. First, the curves for samples with
x ≤ 0.25 (Tc ≤ 26K) show a small but clear anomaly
on passing through the temperature of coupled struc-
tural/magnetic transition TSM , with resistivity accelerat-
ing its decrease on cooling. The minimum distinct value
of TSM=70 K is observed in samples with Tc=26 K,
and we could not resolve any feature in samples with
Tc ∼ 30 K. Both these observations are in good agree-
ment with the position of the concentration boundary
in neutron scattering data [31]. In addition to a feature
at TSM , the in-plane resistivity shows a broad crossover
with a slope change at a temperature of approximately
200 K, similar to previous measurements by Golubov et
al. [29]. Similar crossover at about the same temperature
is seen even in the terminal composition KFe2As2 [8–10]
and in polycrystalline samples [1, 40].
It is important to notice that the crossover fea-
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FIG. 1. (Color online) Doping evolution of the superconduct-
ing transition temperature as determined from measurements
on polycrystals: resistivity and magnetization [34] (open
black circles), specific heat [35] (solid black circles), magne-
tization and neutron scattering [31] (solid blue up-triangles).
Dark-yellow solid squares show the data for single crystals
[5]. Green down-triangles show WDS measurements on sin-
gle crystals [36]. Red stars show Tc(x) as determined in this
study, with Tc determined from zero resistance criterion and
x from WDS measurements for the representative crystals.
Solid black line shows a fit of the Tc(x) used to determine
x for individual crystals in this and related [38, 39] studies.
Dashed purple line is a fit of Tc(x) in the overdoped regime.
ture is observed through all compositions from non-
superconducting x=0.12 to heavily overdoped KFe2As2
(x=1), without any significant shift on a temperature
scale. This insensitivity to doping is difficult to explain
in any multi-band model, and by comparison with inter-
plane resistivity, we suggest that this resistivity feature is
a reflection of a pseudogap crossover at T ∗ in the inter-
plane transport, whose position is shown by arrows in
Fig. 2. Another interesting observation is the very weak,
if any, dependence of the value of room temperature re-
sistivity on x. For all compositions the resistivity stayed
close to 300 µΩ cm. This compares favorably to the
values reported for KFe2AS2: 280 µΩ cm [41], 360 µΩ
cm [8], 480 µΩ cm [9] and 600 µΩ cm [10], with scatter
presumably determined by cracks [17] and inaccuracy of
geometric factor determination.
In Fig. 3 we plot the temperature-dependent inter-
plane resistivity of BaK122. The feature due to the
structural transition is much clearer in the ρc(T ), and
we determine its position by plotting the derivative of the
ρc(T ), as shown in Fig. 4. In addition to the sharp fea-
ture in derivative in sample with x=0.25 at TSM=70 K,
a slight increase of the resistivity derivative is seen in
samples with x=0.28 and x=0.35. This feature shifts to
higher temperature with increasing superconducting Tc
and is most likely due to superconducting fluctuations.
Note, that beyond this feature, samples with x=0.28 and
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FIG. 2. (Color online) Doping evolution of the temperature-
dependent in-plane resistivity, ρa(T ), normalized to room
temperature values, ρa(300K). The curves are offset to avoid
overlapping. Data for KFe2As2 are from Ref. 8. Down-
triangles show the position of the maximum of the inter-plane
resistivity.
x=0.35, close to optimal doping xopt=0.4, show nearly
linear temperature-dependent resistivity. This can be
seen as a flattening of the resistivity derivative below
∼100 K above the superconducting transition.
All these features in the temperature-dependent inter-
plane resistivity are seen much below the temperature of
the crossover point of resistivity from non-metallic behav-
ior at high temperatures to metallic, with ρc(T ) decreas-
ing on cooling, at low temperatures. The crossover tem-
perature, T ∗, shifts up very slightly with doping, from
∼200 K in parent compound to ∼250 K for BaK122 with
x=0.35 (close to optimal doping). It is interesting that
T ∗ shows a strongly asymmetric doping dependence, with
a rapid decrease in electron-doped BaCo122 and a slow
rise in hole- doped BaK122, as summarized in the phase
diagram plot of Fig. 5. Another distinct feature between
the resistivity behavior of electron- and hole-doped ma-
terials is that the pseudogap affects both in-plane and
inter-plane transport in hole-doped materials. The effect
of T ∗ on the in-plane transport is negligible in electron-
doped materials.
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FIG. 3. (Color online) Doping evolution of the temperature-
dependent inter-plane resistivity, ρc(T ), normalized to room
temperature values, ρc(300K). The curves are offset to avoid
overlapping. The data for KFe2As2 (x=1) are from Ref. 42.
Down triangles show position of the ρc(T ) maximum, plotted
in Fig. 2 and in the phase diagram Fig. 5.
DISCUSSION
Structural/magnetic ordering and inter-plane
resistivity
Contrary to BaCo122, magnetic ordering and the
structural transition happen simultaneously in BaK122
at a temperature Ts=TN [31]. Magnetic ordering should
reconstruct the Fermi surface, opening a nesting or su-
perzone gaps on electron and hole pockets. In hole-doped
materials this gap opening, instead of leading to a resis-
tivity increase, leads to an accelerated resistivity decrease
(increase of resistivity derivative), suggesting that the
main effect comes from a change in the inelastic scatter-
ing due to taming down the contribution of pre-transition
fluctuations of the order parameter. The parts of the
Fermi surface which are not affected by the SDW gap [43],
enjoy a notably reduced inelastic scattering in the mag-
netically ordered phase [20, 28, 44]. In the parent com-
pound, in which disorder, introduced by dopants, is ab-
sent and thus elastic scattering is small, this decrease of
scattering overcomes the loss of the carrier density so that
the total conductivity increases below TSM . Since the
inter-plane transport is dominated by the most warped
parts of the Fermi surface [17], least affected by the SDW
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FIG. 4. (Color online) Doping evolution of the temperature-
dependent normalized resistance derivative, used for the de-
termination of the structural/magnetic transition tempera-
ture TSM (arrows) in a doping range close to xopt ≈0.4. The
curves are offset to avoid overlapping. A small increase of the
derivative preceding Tc in samples x=0.28 and x=0.35 shifts
up with the superconducting transition temperature and is
most likely due to superconducting fluctuations. Down trian-
gles show positions where the derivative is zero corresponding
to the maximum of the inter-plane resistivity.
super-zone gap, the inter-plane resistivity should be af-
fected much less by the SDW gap opening than ρa. This
is indeed seen, in BaK122, very similar to BaCo122.
Maximum in the temperature-dependent inter-plane
resistivity at T ∗
In BaCo122 the decrease of the inter-plane resistiv-
ity below T ∗ shows a clear correlation with the NMR
Knight shift, which was the reason for our suggestion
of its relation to a pseudogap. At temperatures below
T ∗ both the Knight shift and the inter-plane resistiv-
ity in BaCo122 follow the expectations of a metal with
temperature-independent density of states, but become
temperature-dependent at T > T ∗. Very recently similar
measurements have been undertaken in optimally doped
BaK122 [45], and in stoichiometric KFe2As2 [46]. At op-
timal doping the NMR Knight shift is increasing with
temperature while the spin-relaxation rate, 1/T1T , de-
creases and becomes constant above ∼200 K. In over-
doped KFe2As2 the Knight shift was found to be nearly
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FIG. 5. (Color online) Doping phase diagram of the hole-
doped Ba1−xKxFe2As2. The superconducting Tc was de-
termined from measurements on polycrystals (open circles),
Refs. 31, 34, and 35, see Fig. 1. Dark-yellow solid squares show
the data for single crystals, Ref. 5, red stars show the Tc(x)
as determined in this study. The temperatures of the struc-
tural(solid blue dots) and magnetic (open blue stars) tran-
sitions are from neutron scattering, Ref. 31 and x-ray (solid
dots) study, Ref. 1, red up-triangles show positions of the cor-
responding features in the inter-plane transport, Fig. 3. Red
down-triangles show positions of maxima in the inter-plane
resistivity at T ∗. For comparison we show the phase diagram
for electron-doped Ba(Fe1−xCox)2As2, Ref. 21. Green and
magenta lines represent positions of the maximum, T ∗, and
the minimum, TCG, in temperature-dependent inter-plane re-
sistivity [21]. The orange line is guide to the eyes.
temperature independent, however, the temperature de-
pendence of the Korringa ratio indicated strong electron
correlations. We need to notice though, that the decrease
of the inter-plane resistivity, despite being very small,
would be very difficult to explain by only a change of
the scattering mechanism. It would require activation of
carriers by excitations over the partial gap on the Fermi
surface (pseudogap).
CONCLUSIONS
Measurements of the inter-plane resistivity in BaK122
show that the magnetic/structural transition does not
lead to resistivity increase, i.e. the loss of the carrier den-
sity at the transition is insignificant. On transition sup-
pression with doping, temperature-dependent inter-plane
resistivity becomes nearly linear above the superconduct-
ing transition, suggesting the existence of a quantum crit-
ical point. In addition to a feature in the temperature-
dependent resistivity at TSM , a broad maximum is found
at a temperature T ∗ ∼200 K, which by comparison with
the electron-doped BaCo122 [21], we assign to the for-
mation of pseudogap.
Despite the effect of doping in multi-band metallic sys-
tem may be quite complicated, comparison of the hole-
doped BaK122 with the electron-doped BaCo122 shows
significant difference. A pseudogap resistive crossover
at T ∗ in the inter-plane resistivity vanishes with dop-
ing in BaCo122 but remains intact in BaK122. The
crossover affects temperature-dependent in-plane resis-
tivity in BaK122, however, it does not in BaCo122.
On Co-doping the in-plane resistivity at room tem-
perature decreases by approximately a factor of 3 from
x=0 to xCo=0.31, while it does not show much varia-
tion on hole doping. This result may suggest that in-
elastic scattering is strongly suppressed in the case of
Co-doping, while it remains strong for hole-doped com-
positions. Since a similar trend is seen for magnetic fluc-
tuations, it is natural to expect that magnetic scattering
contributes significantly to normal state inelastic scatter-
ing. Supporting this conclusion, BaCo122 doped beyond
the superconducting dome shows simple metallic behav-
ior in resistivity (both in- and inter-plane) and Pauli sus-
ceptibility [21], and temperature-independent Hall con-
stant [27, 28], with all pseudogap features suppressed by
xCo=0.31. On the other hand, anomalous temperature-
dependent resistivity with the resistivity crossover, sug-
gesting the existence of the pseudogap, is preserved in
KFe2As2.
Finally we would like to point to a certain similar-
ity in the critical behavior of the inter-plane resistivity
in BaK122 and in CeCoIn5. In CeCoIn5, a true criti-
cal behavior at a field-tuned QCP [47, 48] with T -linear
resistivity and violation of the Wiedemann-Franz law is
observed for transport along the tetragonal c-axis [49],
while transport along the plane obeys the Wiedemann-
Franz law [50]. This is similar to the difference in the
temperature dependence of ρa(T ) and ρc(T ) in BaK122,
with the latter being more linear at optimal doping.
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